o

Akademie véd Ceské republiky
Ustav teorie informace a automatizace, v.v.i.

Academy of Sciences of the Czech Republic
Institute of Information Theory and Automation

RESEARCH REPORT

MARTINA HOFMANOVA, JAN SEIDLER:

On weak solutions
of stochastic differential equations

No. 2282 September 2010

UTIA AV CR, P.0.Box 18, 18208 Prague, Czech Republic
Fax: (4+420)286890378 E-mail: utia@utia.cas.cz




This report constitutes an unrefereed manuscript which is intended to be submitted
for publication. Any opinions and conclusions expressed in this report are those of the
author(s) and do not necessarily represent the views of the Institute.



On Weak Solutions of Stochastic Differential Equations™®

Martina Hofmanova, Jan Seidler

A new proof of existence of weak solutions to stochastic differential equations with contin-
uous coefficients based on ideas from infinite-dimensional stochastic analysis is presented.
The proof is fairly elementary, in particular, neither theorems on representation of martin-
gales by stochastic integrals nor results on almost sure representation for tight sequences
of random variables are needed.

0. INTRODUCTION. In this paper, we provide a modified proof of Skorokhod’s
classical theorem on existence of (weak) solutions to a stochastic differential equa-
tion

AX = b(t, X)dt + o(t, X)dW, X(0) = o,

where b: [0,T] x R — R™ and o : [0,T] x R — M, «,, are Borel functions of
at most linear growth continuous in the second variable. (Henceforward, by M, x,
we shall denote the space of all m-by-n matrices over R endowed with the Hilbert-
Schmidt norm ||A|| = (Tr AA*)'/2.) Our proof combines tools that were proposed
for handling weak solutions of stochastic evolution equations in infinite-dimensional
spaces, where traditional methods cease to work, with results on preservation of the
local martingale property under convergence in law. In finite-dimensional situation,
the “infinite-dimensional” methods simplify considerably and in our opinion the
alternative proof based on them is more lucid and elementary than the standard
one. A positive teaching experience of the second author was, in fact, the main
motivation for writing this paper. Moreover, we believe that the reader may find
the comparison with other available approaches illuminating.

To explain our argument more precisely, let us recall the structure of the usual
proof; for notational simplicity, we shall consider (in the informal introduction only)
autonomous equations. Kiyosi Ité6 showed in his seminal papers (see e.g. [9], [10])
that a stochastic differential equation

dX = b(X)dt + o(X) dW (0.1)
X(0)=¢ (0.2)

driven by an n-dimensional Wiener process W has a unique solution provided that
b: R" — R™, 0 : R — M,,xn are Lipschitz continuous functions. A next
important step was taken by A. Skorokhod ([16], [17]) in 1961, who proved that
there exists a solution to (0.1), (0.2) if b and o are continuous functions of at most
linear growth, i.e.
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It was realized only later that two different concepts of a solution are involved: for
Lipschitzian coefficients, there exists an (.%;)-progressively measurable process in
R™ solving (0.1) and such that X (0) = ¢, whenever (£2,.7, (.%;), P) is a stochastic
basis carrying an n-dimensional (.%;)-Wiener process and ¢ is an .#y-measurable
function. (We say that X is a strong solution of (0.1), (0.2).) On the other hand, for
continuous coefficients, a stochastic basis (£2,.%, (.%;), P), an n-dimensional (.%;)-
Wiener process W and an (.%;)-progressively measurable process X may be found
such that X solves (0.1) and X (0) and ¢ have the same law. (We speak about a
weak solution X in such a case.) It is well known that this difference is substantial
in general: under assumptions of the Skorokhod theorem strong solutions need not
exist (see [1]).

Skorokhod’s existence theorem is remarkable not only by itself, but also because
of the method of its proof. To present it, we need some notation: if M and N are
continuous real local martingales, then by (M) we denote the quadratic variation
of M and by (M, N) the cross-variation of M and N. Let M = (M*)™, and N =
(N j)?zl be continuous local martingales with values in R™ and R", respectively.
By (M) we denote the tensor quadratic variation of M, (M) = ((M', M*))7, _,,
and we set (M) = Tr{(M)). Analogously, we define

Mo N=(MN)L" L (MN) = (M, N)

i=15=1"

Let X and Y be random variables with values in the same measurable space (E, &),

we write X 2 Y if X and Y have the same law on &. Similarly, X Z v means that
the law of X is a probability measure v on &.
Let
er = br(Xr)dt+UT(Xr>dW7 XT(()) =@

be a sequence of equations which have strong solutions and approximate (0.1) in
a suitable sense. (We shall approximate b and o by Lipschitz continuous functions
having the same growth as b and o, but likewise it is possible to use e.g. finite
difference approximations.) The linear growth hypothesis makes it possible to prove
that

the laws of {X,; r > 1} are tight, (0.3)

that is, form a relatively weakly compact set of measures on the space of continuous
trajectories. Then Skorokhod’s theorem on almost surely converging realizations
of converging laws (see e.g. [5], Theorem 11.7.2) may be invoked, which yields a
subsequence {X,., } of {X,}, a probability space (f), Z, 13) and sequences {f(k, k>
0}, {W; k> 0} such that

(X W) 2 (K, W), k> 15 (X, W) =222 (X, Th). (0.4)

k—o00



It is claimed that X is the (weak) solution looked for. Skorokhod’s papers [16]
and [17] are written in a very concise way and details of proofs are not offered;
nowadays standard version of Skorokhod’s proof is as follows (see [18], Theorem
6.1.6, [8], Theorem IV.2.2, [12], Theorem 5.4.22): under a suitable integrability
assumption upon the initial condition,

M= X, = X0, 0= [ o (X () ds

is a martingale with a (tensor) quadratic variation

(M) = / (X0 (8))07 (X, (5)) s,

for all k£ > 1. Equality in law (0.4) implies that also

My = Xy, — Xu(0) — /0 by (Xa(s)) ds

are martingales for £ > 1, with quadratic variations
(1) = [ o (Kuls))r, () s
Using convergence P-almost everywhere, it is possible to show that

My = Ko — Xo(0) — /0 b(Xo(s)) ds

is a martingale with a quadratic variation

By the integral representation theorem for martingales with an absolutely continu-
ous quadratic variation (see e.g. [12], Theorem 3.4.2, or [8], Theorem II.7.1’), there
exists a Wiener process W (on an extended probability space) satisfying

My = / o (Xo(s)) IV (s).

0

Therefore, Xy is a weak solution to (0.1), (0.2). (In the cited books, martingale
problems are used instead of weak solutions. Then the integral representation



theorem is hidden in the construction of a weak solution from a solution to the
martingale problem, so a complete proof is essentially again the one sketched above.)

This procedure has two rather nontrivial inputs: the Skorokhod representation
theorem, and the integral representation theorem whose proof, albeit based on a
simple and beautiful idea, becomes quite technical if the space dimension is greater
than one. An alternative approach to identification of the limit was discovered
recently by M. Ondrejat (see [3], [14]) who studied stochastic wave maps between
manifolds, where integral representation theorems for martingales are no longer
available. His method, which refers only to basic properties of martingales and
stochastic integrals, may be described in the case of the problem (0.1), (0.2) in the
following way: One starts again with a sequence {(Xj, W)} such that (0.4) holds
true. If the initial condition is p-integrable for some p > 2, it can be shown in a
straightforward manner, using the almost sure convergence, that

Mo, ||3o|f? — / Nlo(Ko(s)[2ds. Mo @ T — / o (Xo(s)) ds

are martingales, in other words,

<M0 - /O'U(XO)dWO(s)> _o,

whence one concludes that X is a weak solution. If the additional integrability
hypothesis on ¢ is not satisfied, the proof remains almost the same, only a suitable
cut-off procedure must be amended.

We take a step further and eliminate also the Skorokhod representation theorem.
Let P;, be the laws of (X, W) on the space U = ([0, T]: R™) x €([0, T]; R"*) and
(Y, B) the canonical process on U. Then

Mo, |[N|% - /||% VI2ds, o B - /ark (s)ds,  (0.5)

where

M, =Y —Y(0) —/ b, (Y(s))ds, k>0
0

(with b., = b, 0., = o), are martingales under the measure P, for every k > 1, as
can be inferred quite easily from the definition of the measure P,. Now one may
try to use Theorem IX.1.17 from [11] stating, roughly speaking, that a limit in law
of a sequence of continuous local martingales is a local martingale. We do not use
this theorem directly, since convergence in law of the processes (0.5) as k — oo does
not seem obvious, but our argument is inspired by the proofs in the book [11]. The
proof we propose is not difficult and it is almost self-contained, it requires only two



auxiliary lemmas from [11] with simple proofs which we recall in Appendix. Once
we know that the processes (0.5) are local martingales for £ = 0 as well, Ondrejat’s
trick may be used showing that Y is a weak solution to (0.1), (0.2). It is worth
mentioning that this procedure is independent of any integrability hypothesis on (.

The proof of (0.3) not being our main concern notwithstanding, we decided to
include a less standard proof of tightness inspired also by the theory of stochastic
partial differential equations. We adopt an argument proposed by D. Gatarek and
B. Goldys in [6] (cf. also [4], Chapter 8), who introduced it when studying weak
solutions to stochastic evolution equations in Hilbert spaces, and which relies on the
factorization method of G. Da Prato, S. Kwapien and J. Zabczyk (see [4], Chapters
5 and 7, for a thorough exposition) and on compactness properties of fractional
integral operators. The fractional calculus has become popular amongst probabilists
recently because of its applications to fractional Brownian motion driven stochastic
integrals and a proof of tightness using it may suit some readers more than the
traditional one based on estimates of moduli of continuity.

Let us close this Introduction by stating the result to be proved precisely.

Theorem 0.1. Let b : [0,T] x R" — R™ and o : [0,T] x R™ — M,,,x,, be
Borel functions such that b(t,-) and o(t,-) are continuous on R™ for any t € [0, T
and the linear growth hypothesis is satisfied, that is

IK, < o0 Vt € [0,T] Vo € R™  |[b(t, )| V lo(t,2)]| < K. (1+]2])).  (0.6)

Let v be a Borel probability measure on R™. Then there exists a weak solution to
the problem

dX = b(t, X)dt + o(t, X)dW, X(0)Z v. (0.7)

We recall that a weak solution to (0.7) is a triple ((G, ¥, (%), Q), W, X ), where
(G,9,(%),Q) is a stochastic basis with a filtration (%;) that satisfies the usual
conditions, W is an n-dimensional (%;)-Wiener process and X is an R"-valued
(¢4,)-progressively measurable process such that Q o X(0)~! = v and

X(t):X(O)—l—/0 b(r,X(r))dr—l—/O o(r, X (r))dW(r)

for all ¢ € [0, T] Q-almost surely.

The rest of the paper is devoted to the proof of Theorem 0.1. In Section 1,
a sequence of equations with Lipschitzian coefficients approximation (0.7) is con-
structed, tightness of the set of their solutions being shown in Section 2. In Section
3, cluster points of the set of approximating solutions are identified as weak solu-
tions to (0.7).

Acknowledgements. The authors are indebted to Martin Ondrejat for many
useful discussions.



1. APPROXIMATIONS. In this Section we introduce a sequence of equations which
have strong solutions and approximate the problem (0.7). If E and F are metric
spaces, we denote by € (E; F') the space of all continuous mappings from E to F.
For brevity, we shall sometimes write 4y instead of €([0,T];RY) if V € N. If
f€€([0,T); F) and s € [0, T] then the restriction of f to the interval [0, s] will be
denoted by g, f. Plainly, o5 : €([0,T]; F) — €([0, s]; F') is a continuous mapping.
Finally, L9(G;R"") stands for the space of g-integrable functions on G' with values
in RV.

Our construction is based on the following proposition.

Proposition 1.1. Suppose that F : Ry x RY — RY is a Borel function of at
most linear growth, i.e.

AL < ooVt >0Ve e RN ||F(t,2)|| < L(1+ ||2]),

such that F(t,-) € €(RN;RY) for any t € Ry. Then there exists a sequence of
Borel functions Fj, : Ry x RN — RV, k > 1, which have at most linear growth
uniformly in k, namely

Vi >1Vt>0Ve e RV [|Fy(t, )| < L(2 + ||=])),
which are Lipschitz continuous in the second variable uniformly in the first one,
Vi >13L, < ooVt >0Ve,y e RY || Fu(t,z) — Fu(t,y)|| < Lillz — v,
and which satisfy

lim Fy(t,-) = F(t,-) locally uniformly on RY

k—o0

for all t > 0.

The proof is rather standard so it is not necessary to dwell on its details: one
takes a smooth function ¢ € € (R") such that ¢ > 0, supp( C {x € RV; ||z|| < 1}
and [,y (dx =1 and sets

Gu(t.) = kY [ Pl = ) dy

for k > 1,t > 0and x € RV. The functions G}, have all desired properties except for
being only locally Lipschitz, but it is possible to modify them outside a sufficiently
large ball in an obvious manner.



Let the coefficients b and ¢ satisfy the assumptions of Theorem 0.1. Using
Proposition 1.1 we find Borel functions by : [0,7] x R™ — R™ and oy : [0,T] X
R™ — M,,,xn, k > 1, such that

sup sup {[|bx(t,2)|| V |low(t 2)||} < Ko(2+||z]]), «€R™, (1.1)
k>1 te[0,T]

bi(t,-) and op(t,-) are Lipschitz continuous uniformly in ¢ € [0,7] and converge
locally uniformly on R™ as k — oo to b(t, -) and o (t, -), respectively, for all t € [0, T7].
Fix an arbitrary stochastic basis (£2,.%, (%;), P), on which an n-dimensional (.%;)-
Wiener process W and an .%#g-measurable random variable ¢ : 2 — R™ with

© Z v are defined. Tt is well known that for any k > 1 there exists a unique (.%;)-
progressively measurable R -valued stochastic process X} solving the equation

dX;, = bk(t,Xk)dt + Uk(t,Xk)dW, Xk(()) = . (1.2)

Moreover, for any p € [2, o[ there exists a constant C, < oo, depending only on p,
T and K,, such that

sup E sup || X (0)[]P < C.(1+ Ellg|P). (1.3)
k>1  0<t<T

provided that
t/HMMwwszW<w

2. TIGHTNESS. Let {X}; k > 1} be the sequence of solutions to (1.2). Plainly,
the processes X; may be viewed as random variables X}, : 2 — %, (where the
Polish metric space %, is endowed with its Borel o-algebra). In this section, we
aim at establishing the following proposition.

Proposition 2.1. The set {P o Xk_l; k > 1} of Borel probability measures on
€(]0,T); R™) is tight.

To this end, let us recall the definition of the Riemann-Liouville (or fractional
integral) operator: if ¢ € |1,00], a € ]%,1] and f € LI([0,T];R™), we define a
function R, f :[0,7] — R™ by

(Raf)() :/0 (t—s5)*"1f(s)ds, 0<t<T.

The definition is correct, as an easy application of the Holder inequality shows.
Note that, in particular, Ry f = [, f(t)dt. It is well-known (and may be checked
by very straightforward calculations) that R, is a bounded linear operator from



L4([0, T]; R™) to the space €%>~1/9([0, T); R™) of (o — %)—Hélder continuous func-
tions (see e.g. [15], Theorem 3.6). Balls in €%>~1/9([0, T]; R™) are relatively com-
pact in € ([0, T]; R™) by the Arzela-Ascoli theorem, hence we arrive at

Lemma 2.2. Ifq € |1,00] and « € ]%, 1], then R, is a compact linear operator
from L9([0, T];R™) to €([0,T]; R™).

We shall need also a Fubini-type theorem for stochastic integrals in the following
form (a more general result may be found in [4], Theorem 4.18):

Lemma 2.3. Let (G,9,(%), Q) be a stochastic basis, B an n-dimensional (%;)-
Wiener process and (X, X, 1) a finite measure space. Denote by .# the o-algebra
of (4;)-progressively measurable sets and assume that ¢ : [0, T] x G x X — M, xn,
is an M @ X-measurable mapping such that

/X</0T . 4 (s,2)||*dQ d8>1/2 du(r) < . (2.1)
/U o) 4B(5)] () / [ vt dute)| asts

Q-almost surely.

Then

The last auxiliary result to be recalled is the Young inequality for convolutions
(see, for example, [13], Theorem 4.2).

Lemma 2.4. Let p,r,s € [1, 0] satisfy

1
=+
p

=1+ -.
5

Q|F—‘

If f € LP(RY) and g € LY(RY), then the integral

r) = /Rd flx—y)g(y)dy

converges for almost all v € RY, fx g € L*(R?) and
19l < IFleellgllzs.

In fact, we shall need only a particular one-dimensional case of Lemma 2.4: if
feLr0,T), g L0,T), % + % =1+ 1, then

(

1/s
ft—r P dr dt) <l 0.l ao.ry- (2.2)




Now we derive a representation formula that plays a key role in our proof of
Proposition 2.1.

Lemma 2.5. Let ¢ be an M, «,, -valued progressively measurable process such

that
T
FE 7d
[ wpras <
for some ¢ > 2. Choose o € |= —[ and set
2(1) = / (t— ) ="p(u) AW (), 0<t<T

0
Then

t

W(s) AW (s) = Smﬁm (RaZ)(t)

0

for allt € [0,T] P-almost surely.

Proof. The result is well-known and widely used for infinite-dimensional systems
(see e.g. [4], §5.3), but we repeat here the proof for reader’s convenience.
Since 572 € L1(0,T), E|[¢(-)||> € L'(0,T), their convolution

- / (t— ) Bl (s)|? ds = B / It — syl (s)|> ds

belongs to L1(0,T') as well and so is finite almost everywhere in (0, T'), which implies

that Z(t) is well defined for almost all ¢ € [0, T]. By the Burkholder-Davis-Gundy
inequality,

F / 12 ()7 dt = / (s aw )

<C’E/ (/ 5 — u)=2y(u )||2du>q/2ds
ol ([ o)

the last estimate being a consequence of (2.2) and the fact that E|¢(-)]|*> €
L/2(0,T). Hence Z(-,w) € L0, T;R™) for P-almost all w € 2 and R,7Z is
well defined P-almost surely.

q

ds




Further,

(B tH(t_s)a—11[0,5[(u)(s—u)—w(u)\fdu 1/2ds
[(#] )
-/ (-5 ([ - u>—2aE||w<u>||2du)l/2ds
<(/ om0 ds)l/q* (/ t ([ =w=Blewr? du)m ds>1/q
< (/Otsm—l)q* ds>l/q* (/0 —2ads>1/2</ Eljv(u |qdu> "

where q% + % = 1 and the Holder and Young inequalities were used consecutively.
This means that the hypothesis (2.1) of Lemma 2.3 is satisfied and this lemma may
be used to obtain

(RuZ)(t) = /Ot(t _ gyt (/Os(s —u) () dW(u)> ds
:/Ot /Ot(t—s)a_ll[o,s[(u)(s—u)_aw(u) A1 () ds
= [ = tatits = = as] oty

= [[[ e as|vwant

_ /Ot\{/olu _ ety dvlzp(u) AWV ().

Q.E.D.
Proof of Proposition 2.1. Let an arbitrary ¢ > 0 be given, we have to find a
relatively compact set K C %, such that

inf P{Xk € K} >1—c.
k>1

In what follows, we shall denote by D; constants independent of k and by |- |, the
norm of LI(0, T; R™).
First, we prove our claim under an additional assumption that there exists p > 2
such that
El|¢|l” < oo (2.3)

10



Plainly, a compact set I' C R™ may be found satisfying
v(I)=Plpel}>1-—.
Take an o € ] 1[. By Lemma 2.5,

Xk(t):go—l—/o bk(s,Xk(s))ds+/0 or(s, X(s))dW(s)

sin o

= ¢+ [Rib(-, Xu()] (1) + (RaZi)(t), 0<t<T,

™

P-almost surely, where
Zi(s) = / (5 — u) o (u, Xp(w) AW (w), 0<s<T.
0

Applying the Chebyshev inequality, (1.1) and (1.3) we get
1 r p
P{be( X()lp > A} < B \|bk(t,)fk(t))H di

g—mw/ (2+ |1 Xk()])"d

D,
< —

L1+ Bllel).

Similarly, invoking in addition the Burkholder-Davis-Gundy and Young inequalities,

1 T
Pllz, 2 4} < B [ 1olrar
0

D2 T —2« /2
<2p (/ (t = 5)72 o (s, X ()] ds> i
< D T-%w " TE Xi( d
_ﬁ/os s /O (s, X (s))|[” s

Ds )
< (L+ Ello]).

Let us choose Ay < oo so that

Dy + D3

1+ Elp|lP) <
AIS ( ||80|| )

Wl ™

11



and set

sin T

K= {fE%([O,T];Rm);fszrerJr Ry, T €T,

m
r,v € LP(0,T;R™), |r|, V |v], < /10}.

Since the operators R, and R, are compact, the set K is relatively compact and
P{Xy ¢ K} < P{p ¢ I'} + P{|br(-, Xx("))|p > Ao} + P{|Zx|, > Ao}

< <
3

for any k£ > 1, which completes the proof of tightness under the additional assump-
tion (2.3).

Finally, let ¢ be arbitrary. Let ¢ > 0 be fixed, we may find II > 0 such that
P{|l¢|| > II} < 5. Let X, k> 1, be the solutions to

ka = bk(t,Xk) dt + O'k(t,Xk) dW, Xk(O) = 1{||<,0||§H}§0- (2.4)

The initial condition in (2.4) satisfies (2.3), so by the first part of the proof we know
that the set {POXk_l; k > 1} is tight and there exists a compact set K’ C %, such
that A -

inf P{ X, ¢ K} <—.

PPN <5

Since the coefficients by, o) are Lipschitz continuous in space variables,
Lel<mXe = 1o <mXr  P-almost surely
for all £ > 1, this implies
P{X ¢ K} <P{Xy ¢ K} +P{|lp| > I} <«

for any k£ > 1 and tightness of the set {P o Xk_l; k> 1} follows. Q.E.D.

Corollary 2.6. The set {P o (X, W)™ k > 1} is a tight set of probability
measures on € ([0, T];R™) x € ([0, T]; R™).

By the Prokhorov theorem, the set {P o (X, W)~!; k > 1} is relatively (se-
quentially) compact in the weak topology of probability measures, so it contains
a weakly convergent subsequence. Without loss of generality we may (and shall)
assume that the sequence {P o (X}, W)~} | itself is weakly convergent. Let us
set for brevity P, = P o (X, W)~!, k > 1, and denote the weak limit of { P},
by Py. Set further

U=%m X%, % =Borel(%,,)® Borel(%,),

12



and let (Y, B) be the process of projections on U, that is
(Y, By) : G X €, — R™ x R", (h,g) — (h(t),g(t)), 0<t<T.

Finally, let (%) be the P,-augmented canonical filtration of the process (Y, B),
that is .
U, = a(0(0:Y,0B)U{N € %; Po(N) =0}), 0<t<T.

3. IDENTIFICATION OF THE LIMIT. In this section we shall show that ((U, %,
(%), Py), B,Y) is a weak solution to the problem (0.7). Towards this end, define

My=Y —Y(0) - /0 be(r, Y (1)) dr, k>0,

where we set by = b, 09 = 0. The proof is an immediate consequence of the
following four lemmas.

Lemma 3.1. The process My is an m-dimensional local (7% )-martingale on

(U, %, Py).

Lemma 3.2. The process B is an n-dimensional (%)-Wiener process on
(U, %, Py).

Lemma 3.3. The process
' 2
30l = [ oty ) ar

is a local (%)-martingale on (U, %, Py).

Lemma 3.4. The process
My B _/ o(r, Y (1)) dr
0

is an Moy xn -valued local (%)-martingale on (U, % , Py).

Proofs of these lemmas have an identical structure, so we prove only the first of
them in detail, the other ones being treated only in a concise manner. In the course
of the proof, we shall need two easy results on continuity properties of first hitting
times as functionals of paths. Let V > 1, for any L € R, define

L 6y — [0,T], f+— inf{t >0; ||f(¢)]| > L}

(with a convention inf @ = T).

13



Lemma 3.5. (a) For any f € Gy, the function L — 11(f) is nondecreasing
and left-continuous on R, .

(b) For each L € Ry, the mapping 11, is lower semicontinuous. Moreover, Ty, is
continuous at every point f € €y for which 14(f) is continuous at L.

If (Zi)ie[o,r) is a continuous RY -valued stochastic process defined on a proba-
bility space (G,¥, q), then (TL(Z))L>0
left-continuous trajectories, whence we get

is a stochastic process with nondecreasing

Lemma 3.6. The set
{L € Ry; q{7e(Z) is not continuous at L} > 0}

1s at most countable.

Lemma 3.5 is proved (but not stated exactly in this form) in [11], see Lemma
VI.2.10 and Proposition VI.2.11 there. For Lemma 3.6, see [11], Lemma VI.3.12. In
the book [11], 77, is considered as a function on the Skorokhod space D, in our case
the proofs simplify further and for reader’s convenience are recalled in Appendix.

Further, let us quote an useful result on weak convergence of measures (cf. e.g.
(2], Proposition IX.5.7).

Lemma 3.7. Let {1/7«}721 be a sequence of Borel probability measures on a
metric space © converging weakly to a Borel probability measure vy. Let f : © — R
be a bounded real function continuous at vo-almost all points of @. Then

lim fdvy,. = / fduvg.
e e

T—00

Proof of Lemma 3.1. The idea of the proof is simple: define processes

,uk:Xk—Xk(O)—/ bk(T,Xk(T))dT, ]{721,
0

in analogy with the definition of M but using the solutions X} to the problem
(1.2) instead of the process Y. We shall prove: i) ug, k > 1, are local martingales,
ii) My, k > 1, are local martingales with respect to the measure P, due to the
equality of laws Py, o (Y, B)~! = P o (X}, W)™1, iii) My is a local martingale as a
limit of local martingales M.

First, as X}, solves (1.2),

t
uk<t>=/ ou(r, Xe(r)) AWy, 0<t<T,
0

14



and so py is a local (.#;)-martingale. Take an L € Ry, for the time being arbitrary.
Obviously, 77,(Xg) is a stopping time and g (- A 77,(X%)) is a bounded process by
(1.1) and the definition of 77, hence (- A 71,(X%)) is a martingale.
Hereafter, times s,t € [0,T], s <, and a continuous function
v Cg([o’ 8];Rm) X Cg([oa 8];Rn) - [0, 1]

will be fixed but otherwise arbitrary. Obviously, v(0sXk, 0sWW) is a bounded .Z,-
measurable function, hence

Ev(0s Xk, 0sW)pr(t A 7. (X1)) = Ev(0s Xk, 0sW ) pr(s A 71.(X4)) (3.1)

by the martingale property of pux (- A 71 (Xk)).
Note that the mapping

[0, T] X €, — R™, (u,h) — h(u) — h(0) — /Ou bi.(r, h(r))dr

is continuous for any k > 0 due to the continuity of by(r,-), and the mapping
Cm — [0, T] X €y h— (EATL(R),R)

is Borel for any ¢ € [0, T] fixed by Lemma 3.5(b), thus also their superposition
EnTr (h)
Hi(&) : € — R™, h— h(§ ATr(h)) = h(0) — / br(r, h(r)) dr
0

is Borel. Consequently, the mapping
(gm X (gn — Rmv (hvg> — 7(Q3h7 ng>Hk(£7 h)

is Borel. Since ,uk(ﬁ/\TL(Xk)) = Hk(f,Xk), kE>1,and Mk(f/\TL(Y)) = Hk(f,Y),
k>0, we get

—1 ~ -1
Po [v(0s Xk, 0sW)pe(E AT(Xk))] = Pro [v(0sY, 0sB)My(E AT(Y))]
for all & > 1 by the definition of P, which together with (3.1) implies
Ey(0sY, 0s BYMip(t ATp(Y)) = Ery(0sY, 0sB)Mi(s A (Y)), k> 1. (3.2)

Now, suppose in addition that L is chosen so that

130{7.(}/) is continuous at L} = 1. (3.3)
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(Lemma 3.6 shows that such a choice is possible.) Then
Py{(f,g) € U; 71.(-) is continuous at f} =1

by Lemma 3.5(b) and the fact that Y is a canonical projection from U onto %,,, so

also
ﬁo{(f,g) € U; Hy(¢,) is continuous at f} = 1.

This implies that v(o,Y, 0sB)Ho(&,Y) is a bounded function continuous Py-almost
everywhere on U for any £ fixed. We may estimate

“Ek7(QsY, QsB)Hk (57 Y) - E07(QSY, QsB)HO(g, Y) H
< HEk’Y(sta QSB) [Hk(gv Y) - H0(£7 Y)] H
+ || Exy(0sY, 0B)Ho(€,Y) — Eov(osY, 0:B)Ho(£,Y).

From Lemma 3.7 we obtain that
lcli{{olo Ek7(QsY7 QSB)HO(g’ Y) = E07(QSY, QSB)HO(ga Y)
Further,

HEkV(sta QsB> [Hk(£7 Y) - Ho(f, Y>] H
< Ei||Hi(&,Y) — Ho(€,Y)||

B EnTL(Y)
_ B, /0 (b (r, Y (1)) — bo(r, Y (r)] dr

EnTL(Y)
/0 bk (r, Y (1)) = bo(r, Y (r))] dr

= Ekl{TL(Y)>0}
R EnTL(Y)
< Ekl{TL(Y)>O}/ ku(ray(r» - bO(TaY(T))H dr
0
N T
< Ek1{TL(Y>>O}/ b, Y (7 AT (Y))) = bo(r Y (r A 7 (V)| dr
0

T
Ekl{TL(Y)>0}/ sup ku(r, z) — bo(r, Z)Hdr
0 |lzlI<L

i
T
= sup ku(r, z) — bo(r, z)H dr,

0 llzllsL
as [|[Y(r A7 (Y))]] < L on the set {r(Y) > 0}. Since bg(r,-) — bo(r,-) locally
uniformly on R™ for every r € [0, T] and

sup ||br(r,z) — bo(r, 2)|| < 2K.(2+ L)
lzll<L
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by (0.6) and (1.1), we have

T
lim sup ||by(r, z) — bo(r, 2)||dr =0
koo o =l<E

by the dominated convergence theorem, hence
lim Eyy(0.Y, 0.B)Hi(&,Y) = Eoy(:Y, 0:B)Ho (€. V)
for any ¢ € [0,T]. Therefore,
Eoy(0.Y, 0:B)Mo(t A7r(Y)) = Eoy(0sY, 0:B)Mo(s A 7r,(Y)) (3.4)

follows from (3.2). If G C %([0, s]|;R™ x R") is an arbitrary open set, then there
exist continuous functions g; : €([0, s|; R™ x R*) — [0, 1] such that g; /" 1 on
¢(]0,s];R™ x R*) as | — oo. Therefore, using the Levi monotone convergence
theorem we derive from (3.4) that

Eolq(0sY, 0sB)My(t Ap(Y)) = Egla(0sY, 0sB)Mo(s A (Y)). (3.5)
Further,
{G C£([0,s];R" x R"); G Borel and (3.5) holds for 1¢}

is a A-system containing, as we have just shown, the system of all open sets in
¢(]0,s];R™ x R™) closed under finite intersections. Consequently, (3.5) holds for
all Borel sets G C €([0, s]; R™ x R™), that is

E()].AM()(t VAN TL(Y)) = EolAMo(S A TL(Y))

holds for all A € o(osY, 0sB), thus for all A € %,. We see that My(- A 7.(Y))
is a (%;)-martingale, whenever L € R, satisfies (3.3). It remains to note that by
Lemma 3.6 there exists a sequence L, /" oo such that

150{7'.(Y) is continuous at L, for every r > 1} = 1.

As {77, (Y)} is plainly a localizing sequence of stopping times, we conclude that
My is a local (% )-martingale on (U, % , Py), as claimed. Q.E.D.

Proof of Lemma 3.2. By our construction, P o W' = P, o B~! for each
k>1,soalso PoW~! = 150 o B~! and B is an n-dimensional Wiener process (with
respect to its canonical filtration) on (U, %, 150). In particular, its tensor quadratic
variation satisfies (B)); = tI. Mimicking the procedure from the previous proof we
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may check easily that B is a local (%;)-martingale, hence an (%;)-Wiener process
by the Lévy theorem. Q.E.D.
Proof of Lemma 3.3. We know that uz, £ > 1, are local martingales and

(ig) = </0'ak<r Xer > /Hak r X () dr,

||uk||2—/0 low(r. Xur)|Pdr, k> 1,

thus

are continuous local martingales. For times s < ¢ and a function v introduced in
the proof of Lemma 3.1 we get

9 tATL(Xk)
EV(Qst,QsW)[HMk(t/\TL(Xk))H —/0 |k (r, X () d?“]
9 SATL(Xk)
— EW(Qst,QSW)[Huk(s/\TL(Xk))H —/0 |ow (7, X (r H dr] (3.6)
Note that

9 EnTr (h) 9
6n — R, h— HHk(g,h)H —/0 Hak(r,h(r))H dr

is a Borel mapping for all £ > 0 and & € [0, T]. It can be seen easily that it suffices
to check that

6m — R, h+— /uHak(r,h(T))HZdr
0

is a continuous mapping for any w € [0, T]; this follows from the estimate

[lostrmn) = [ ooty ar

S/{Hawhl M+ lowtroha ) [} | lowtr ) | = ot o)) ar
0

< K. (4+ 1|« + ||hQ||<,gm)/0 o (ry ha(r)) = ok (r, ha(r))|| dr

for hy,hy € %,,, continuity of functions oj(r,-) and the dominated convergence
theorem.
Hence (3.6) yields

_ 9 tATL(Y)
EW(QSY,QSB)[HMk(tATL(Y))H —/0 o (r, Y (1)) dr]

~ 5 sATL(Y)
= E;y(0.Y, asB)[HMk(s/\TL(Y))H —/0 ok (r, Y (r)]] dr]
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Passing to the limit exactly in the same way as in the proof of Lemma 3.1 we obtain
- > tATL(Y)
By (oY, 0.3) ||| Mo(t A 72,(V ) _/ loo(r. ¥ ()] ar]
0

~ 5 sATL(Y)
= B0 )|t n e = [ ot )| ]

provided that L € Ry satisfies (3.3), and the proof may be completed easily. Q.E.D.

Proof of Lemma 3.4. Since u; and W are continuous local martingales, the
process ji @ W — (i, W) is an M, x,,-valued local martingale. Let us denote
e = ()it W= (WJ)] 1 and o = (Uk )it1j—1- Then

(i, Wy = <Z/ (ry Xp(r dWl(r),Wj>
— Z/ (r, Xp(r)) AW, Wiy,
= [l X ar

0

therefore,

" ®W—/0.ak(r,Xk(r))dr (3.7)

is an M, «x,-valued local martingale. The process (3.7) stopped at 77, (X, W) is
bounded, hence it is a martingale and so

t/\TL(Xk )
(0. X5, 0aW) [ (1 © W) (1 A 7 (X5, W) /0 oulr, Xe(r)) o]
S/\TL(Xk,W)
= B0 Xk 0W) [ (1 © W) (s A 72, (X0, W) — /0 o0, Xe(r)) ],

whenever 0 < s < ¢ < T and 7 is a continuous function as above. (Since %, X €, =
Gm—n, 1t is clear how 77, (f, g) is defined for (f, g) € € X €,..) Now we may proceed
as in the proof of Lemma 3.1. Q.E.D.

Proof of Theorem 0.1. Lemmas 3.1-3.4 having been established, it is straight-
forward to prove that (U, %, (%), Py), B,Y) is a weak solution of (0.7). Since
PyoY(0)™ =P, oY (0)™ = Poy! =v by our construction, it remains only to
show that

Y (t) :Y(O)—I—/O b(r,Y(r))dr—I—/o o(r,Y(r))dB(r)
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for any ¢t € [0, T Py-almost surely, that is
t ~
Mo(t) = / o(r, Y (1)) dB(r) for all £ € [0,T] By-almost surely.  (3.8)
0
Obviously, (3.8) is equivalent to

<M0 _ /0 (Y (1) dB(r)>T — 0 Pyalmost surely. (3.9)

We have

<M0 - / o(r,Y (1)) dB(r)>T = (Mo)r + </0 a(r,Y(r)) dB(r)>T

0

—2 (0, Z/O o (r, V(1) dBI(r)),
By Lemma 3.3,
r 2
<M0>T= i Ha(r,X(r))H dr,
and by Lemma 3.4 we obtain
m n . m n T
S (M [ Ay ame) =Y [ e y)aosg, B,
o e | .
:;jz::l/o (e (r, Y (r)))" dr
r 2
= HU(’I“,Y(T))H dr,

hence (3.9) holds true. Q.E.D.

Remark 3.1. If the coefficients b and o of the equation (0.7) are defined on
R, x R™ and satisfy the assumptions of Theorem 0.1 there, then there exists a
weak solution to (0.7) defined for all times ¢ > 0. The proof remains almost the
same, only its part concerning tightness requires small modifications. However, it
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suffices to realize that the space €' (R, ;RY) equipped with the topology of locally
uniform convergence is a Polish space whose Borel o-algebra is generated by the
projections f +— f(t), t > 0 and whose closed subset K is compact if and only if
{orf; f € K} is a compact subset of € ([0, T];RY) for all T > 0.

Remark 3.2. Tracing the proofs in Section 3, we can check easily that, unlike
the proof of tightness in Section 2, they depend only on the following properties of
the coefficients b = by, 0 = 0 and their approximations by, o:

1° the functions by(r,-), ox(r,-) are continuous on R™ for any r € [0,7] and

k>0,
2° by(r,-) — b(r,"), op(r,:) — o(r,-) locally uniformly on R™ as k — oo for
any r € [0, 7],

3° the functions by, o are locally bounded uniformly in £ > 0, i.e.

sup sup sup {||bk(r, ||V ow(r, z)||} < 00
k>0 re(0,1] |=]I<L

for each L > 0.

As a consequence, Theorem 0.1 remains valid if existence of a suitable Lyapunov
function is supposed instead of the linear growth hypothesis. One proceeds as
in the proof of Theorem 0.1, approximating the coefficients b and ¢ by bounded
continuous functions that satisfy the same Lyapunov estimate as b and . However,
the proof of tightness is more technical, although no fundamentally new ideas are
needed; details may be found in a companion paper [7].

4. AppPENDIX. To keep the paper self-contained as much as possible, we provide
here proofs of Lemmas 3.5 and 3.6.

Proof of Lemma 3.5. Choose f € %y and L > 0 arbitrarily. The function
K +— 75 (f) is obviously nondecreasing, hence it has a left-hand limit at the point
L and

Jim 7ie(f) < 7(f), (1)

If || fll¢, < L then ||f||l«, < L —6 for some 6 > 0 and thus 71,(f) =T = 7x(f) for
all K € [L -6, L], so we may assume that ||f||, > L. Then ||f(7x(f))|| > K for
all K € [0, L] and continuity of f yields

Hf(KlLHLl_ TK(f))H = KIHILI_Hf(TK H hm K =1,

whence
mr(f) < dim 7 (f),

which together with (4.1) proves the statement (a).
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To prove (b), take an arbitrary sequence {f.} in éy such that f, — f uniformly
on [0,T] as r — oo. Let ¢ > 0, then

max ||f|| < L,
[0.72(f) =]

so there exists ry € N such that

max ||f,[| < L
[0.72.(f) =]

for all r» > rq, thus 71.(f.) > 70.(f) — ¢ for all » > rq. Since £ was arbitrary,

liminf 7 (f,) > 70.(f),

that is, 77, is lower semicontinuous at the point f.

Finally, assume in addition that 74(f) is continuous at the point L. If 7, (f) =T
then

T =7(f) <liminf 7 (f.) < limsupr,(f,) <T

(note that 77, is [0, T]-valued) and we are done. So assume that 77,(f) < T and
take an arbitrary £ > 0 satisfying 77, (f) + £ < T. By continuity, a K > L may be
found such that 75 (f) < 71.(f) + . Consequently,

max ||f]| > K > L,
(0,7 (f)+¢]

thus
max ||f,[| = L
(0,71 (f)+e]
for all r sufficiently large, that is 71, (f.) < 7.(f)+¢ for all r sufficiently large, which
implies
limsup 77,(fr) < 70.(f)

r—00

and 77, is upper semicontinuous at f. Q.E.D.

Proof of Lemma 3.6. Here we follow the book [11] closely. First, note that
for any given u > 0 g-almost any trajectory of 74(Z) has only finitely many jumps
of size greater than u. For brevity, set

At (Z) = MILIIL1+ ™(Z) = T11.(Z)

and define recursively random times

Yo(u) =0, Tp(u) =inf{L > Y,(u); Ar(Z) >u}, u>0, peN
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Plainly, the set

{L>0; ¢{Z,(u) =L} >0}

is at most countable for any p € N and uw > 0, hence it only remains to note that

{L>0; g{Ar,(Z) >0} >0} = G G {L>0; ¢{Z,(r ") =L} >0}.

p=0r=1

Q.E.D.
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